Estimating measurement uncertainty is an essential component of successful antenna measurements today. It is seldom the case that uncertainty can be directly or analytically determined; other characterization measurements or interrange comparisons are necessary. This issue's "Measurements Corner" column examines how interrange measurements have been successfully used in the European community to arrive at uncertainty estimates for each range, the specific European processes and collaborations used to develop standards, and the lessons learned during this status update.
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Brian Fischer j u n e 2 0 1 7 I n recent years, formalized facility comparison activities have become important for the documentation and validation of laboratory proficiency and competence and mandatory for achieving accreditation such as that of the International Organization for Standardization (ISO) 17025 or similar organizations [1] . Different intercomparison campaigns have been conducted on antenna measurements in the framework of various European activities. Such activities were initiated in 2004 with the Sixth Framework Program of the European Union (EU) Antenna Center of Excellence (ACE) [2] . The work continued under the management of the European Association on Antennas and Propagation (EurAAP), supported by the European Cooperation in Science and Technology (COST) in the programs Antenna Systems and Sensors for Information Society Technologies (ASSIST) IC0603 and Versatile, Integrated, and Signal-Aware Technologies for Antennas (VISTA) IC1102, including still ongoing campaigns [3] - [5] . Results of these activities have led to improvements in antenna measurement procedures and protocols in facilities and standards [6] , [7] . Due to the direct benefits available to the participants, the activities have been very successful, and partial outcomes have been published in IEEEreferenced articles [8] - [18] .
The analysis and data elaboration resulting from these campaigns has fostered fruitful discussions and led to the modernization and harmonization of comparison techniques, such as the reference pattern method, including estimates of uncertainty and equivalent noise levels. The very large set of measured information collected in the campaigns constitutes a valuable database of information that could potentially be available to the antenna measurement community for exploitation in further studies and analysis. As an additional benefit, the campaigns have initiated a dialog among different laboratories throughout Europe and the United States.
We present the background, history, and status of the facility comparison activities within the EurAAP. The management and data-collecting organization, discussed in detail, is crucial for a successful outcome. The data-elaboration strategies have recently been revised, and those results are summarized here. Four recent activities, some of which are still ongoing, are presented to illustrate typical activities.
The measurement of antenna gain/ directivity in a certain direction, or any other antenna performance parameter, is considered to be incomplete without knowledge of the measurement accuracy. An important part of the facility documentation is, therefore, devoted to providing and justifying proper measurement error estimates [1] , [6] , [7] . Independently of the technology and measurement approach, most measurement ranges have internal procedures, uncertainty budgets, quality policy, reference antennas for gain, and a certain measurement experience. Some facilities even have certification as a reference facility, such as ISO 17025 [1] . Such accreditation is a formal recognition of that competence. In any case, the measurement uncertainty or error estimate for a given antenna in a given measurement range remains an approximation until this estimate has been successfully validated against other measurements. For this reason, all facilities, with and without formal certification, must regularly pursue activities to properly validate their measurement procedures. The main goal of the facility comparison activities is to provide a formal opportunity for the participants to validate and document their achieved measurement accuracy and procedures by comparison with other facilities.
These campaigns have shown that comparative measurements that are based on high-accuracy reference antennas and involve different antenna measurement systems are important instruments in the evaluation, benchmarking, and calibration of the measurement facilities. They have also proven to be important instruments to investigate and evaluate possible improvements in measurement setups and procedures. Additional activities have involved the refinement of standard procedures and protocols and tools for verification, such as the facility comparison campaigns, giving rise to fertile discussion on the renewal and synchronization of the techniques to determine the reference pattern, noise level, and error budget.
A BRIEF HISTORY OF FACILITY COMPARISON CAMPAIGNS IN EurAAP
Facility comparison campaigns are an important ongoing activity in the framework of the EurAAP working group (WG) on antenna measurements [3] . This work comes from the experience acquired during the Sixth Framework Program of the EU ACE [2] , as reported in [8] and [15] [19] and two dualridge horns, the Microwave Vision Italy (MVI)/SATIMO SH800 [20] in L, S, and C bands and the MVI/SATIMO SH2000 in Ku and Ka bands.
The different campaigns related to antenna measurement have been developed in collaboration between the COST actions COST ASSIST (IC0603) [4] , COST VISTA (IC1102) [5] , and EurAAP, where a specific task for antenna measurement intercomparison is ongoing. To provide a comprehensive set of highly stable reference antennas in terms of type and bands (from L to Ka), the following campaigns (some are still ongoing) were selected: 1) an L-band base-station antenna with directive-elevation-beam and wide-azimuth-beam [MVI/SATIMO base transceiver station (BTS)1940] 2) an X-, Ku-, and Ka-band high-gain reflector antenna (MVI/SATIMO SR40-A) fed by an SH4000 dualridge horn 3) an L-and C-band medium-gain ridge horn (MVI/SATIMO SH800) with an absorber plate 4) long-term evolution (LTE) Cellular
Telecommunications Industry Association (CTIA) multiple input, multiple output (MIMO) antennas (in collaboration with the EurAAP Small Antennas WG).
the MVI/SAtIMO BtS1940 CAMPAIGN
The MVIS/SATIMO BTS1940 antenna is a linear array with a dual slant of ± 45° or horizontal and vertical polarized, working in GSM1800 and Universal Mobile Telecommunications System (UMTS) bands (1,710-2,170 MHz), as shown in Figure 1 . The linear-array antenna is specifically designed to achieve excellent cross-polar discrimination and maintain a well-defined radiation pattern in the direction of the boresight axis throughout the operational bandwidth. The BTS1940 family of reference antennas is equipped with high-precision female N-type connectors for superior repeatability and durability. The nominal impedance is , 50 X with return loss values better than 15 dB. The BTS campaign began in 2009 and ended in 2016. The BTS has been measured in all of the facilities shown in Figure 2 .
the ReFLeCtOR SR40-A FeD BY the Sh4000 DUAL-RIDGe hORN CAMPAIGN To cover higher frequencies and higherdirectivity antennas, the MVI/SATIMO SR40-A fed by the SH4000 dual-ridge horn reference antenna ( Figure 3 ) was selected. The SR40-A is a high-precision offset parabolic reflector for wideband high-gain antenna measurements. The circular interface allows the user to center the antenna with very high accuracy. The alignment accuracy is estimated to be within ± 0.01° on azimuth. This campaign began in 2013, and measurements were concluded in 2016; data postprocessing is ongoing. The facilities that took part in the reflector SR40-A + SH4000 campaign are shown in Figure 4 .
the MVI/SAtIMO Sh800 WIth ABSORBeR PLAte CAMPAIGN
The MVI/SATIMO SH800 is a dualridge horn that combines a stable gain performance and a low-voltage standing FIGURE 1. The MVI/SATIMO BTS1940-01 high-accuracy reference antenna.
wave radio with wide-band frequency operation. The horn is single and linearly polarized with an excellent cross-polar discrimination. The unique horn design suppresses any possible excitation of higher-order modes in the aperture and maintains a well-defined smooth radiation pattern in the direction of the boresight axis throughout the operational bandwidth. In this campaign, the antenna has been modified to provide a more stable setup. In particular, an absorber plate has been added behind the antenna to eliminate its sensitivity to the measurement setup, as shown in Figure 5 
MANAGEMENT OF FACILITY COMPARISON CAMPAIGNS IN EurAAP
A campaign leader or institution conducts the facility comparison campaigns. The management of these intercomparison activities has been complex and requires corresponding regulation. Each participant must sign an agreement document that contains the terms and conditions of involvement. For more delicate reference antennas, a packaging and handling instruction document is provided. The selected antenna is first measured in the campaign leader's facility and is remeasured at the end of the campaign to ensure that nothing has altered the antenna during the course of the campaign. The antenna is shipped directly to each one of the participants with transportation insurance that must be covered by the transportation company. In recent years, the EurAAP activity budget WG has covered the transportation costs and insurance for shipments. In addition, to ensure that no physical harm has occurred to the antenna during the shipping, each facility is asked for photographic documentation of the antenna and shipping box once it has arrived at the institution. Various laboratories are interested in measuring different antenna performance figures; so to meet everyone's needs, the following typical antenna performance figures common to most measurement situations are required: 1) the peak gain (IEEE definition) at discrete frequencies (may provide frequency sweep)
2) the directivity/gain patterns in appropriate steps (Ludwig III Co/Cx) 3) the data format of the electromagnetic data exchange or an excel file with a predefined format 4) S parameters 5) a photograph of the measurement facility 6) a photograph of the mechanical and electrical setup 7) the measurement procedure 8) the mechanical/electrical alignment and the antenna under test alignment 9) an uncertainty budget (not for all facilities; this information can be found in the section "Uncertainty Budget Consistency Check"). The campaign leader collects the measured and processed data for comparison processing while following a strict procedure. The data of each 
MEASUREMENT COMPARISONS
To evaluate the results of an intercomparison campaign, it is critical to select the most reliable approach to determine 1) the reference pattern and its uncertainty, which is derived from several independent measurements, and 2) the correlation between the reference pattern and each measurement expressed through the equivalent noise level. Many methods exist and have been compared in the literature, especially by the National Institute of Standards and Technology, to analyze measurement data sets with certain values of uncertainties [21] that result from the national measurement laboratories of a Ku-band standard gain horn [22] - [25] .
Research activities, the reliability of which has been verified with the available large amount of measurement data, have been administered for EurAAP WG5 components. We aimed to define the best approach to the following activities: ■ determinig the reference pattern and its uncertainty through a proper combination of measurements and weights and involving the uncertainty budgets of the results ■ evaluating the consistency of the declared uncertainty budgets ■ expressing the difference between two radiation patterns to compute the equivalent noise level between the reference pattern and each measured pattern.
the ReFeReNCe PAtteRN
Defining a common best value among different measures implies the computation of an average. Averaged data can 
where n is the total number of participants (and of measurements), i is the measurement of the ith participant to the campaign, and xiLin is the linear measurement.
The value for the weight wi associated with the ith measurement is given by ,
where Lin v is the linear uncertainty that is computed starting from .
The uncertainty related to the measurement declared by each facility is
The uncertainty related to the weighted mean (1) 
UNCeRtAINtY BUDGet CONSISteNCY CheCK
The weights (2) for the computation of the reference pattern depend on the uncertainty budget. As already mentioned, the facilities are required to provide a standard deviation v that is useful to quantify the range in which the measurement errors are distributed. This expresses with 68.3% confidence that the measurement error is within this level (99.7% is 3v), assuming a normal distribution. Each facility calculates the uncertainty using its own procedures. The selected methods to check the consistency of the declared uncertainties include the 1) standard deviation, 2) Birge ratio [26] , and 3) E and Z scores.
A common strategy in facility comparisons is to exclude one or more results that do not conform to the general consensus so to avoid having a bad result that "pollutes" the campaign. However, because these campaigns contain statistically few participants, such a procedure is an expensive way to ensure convergence. A further drawback of this approach is that the excluded participants are put in a delicate situation. Wrong measurement results are often due to human error or component failure. 
eQUIVALeNt NOISe LeVeL DeteRMINAtION
The correlation between each measurement and the reference pattern can be expressed though a single value. All of the deviations with respect to the reference pattern are converted into an equivalent noise level, the expression for which, evaluated on a limited (±45° or ±60°) theta cone when directivity data are available, is the following: The formula for the equivalent noise (5) corresponds to the computation of the root-mean-square (rms) error of the expression inside the round brackets. If only the gain is available, to have a value that gives information on the pattern envelope error without being affected by the gain error, measured directivity data must be replaced by the GainOffset, which is obtained by subtracting a constant offset (in decibels) all over the measured gain pattern as follows:
and the offset is given by 
The offset application corresponds to a normalization with regard to the boresight reference. Therefore, the formula to be used is 
MVI/SATIMO BTS1940-01 CAMPAIGN RESULTS
teSt PLAN AND ReSULtS
The test plan and type of measurements for the MVI/SATIMO BTS1940-01 campaign are reported in Table 1 .
Results that are shown hereafter are referred to by the following facilities: DTU, UPM, SAAB, MVG SG64, MVI SL, and CELLMAX. The weighted reference pattern has been computed according to these facilities, and uncertainties are reported in Table 2 .
RADIAtION PAtteRNS
The measured copolar and cross-polar pattern at phi = 0° and 90° at 1.71 and 
eQUIVALeNt NOISe LeVeL
The equivalent noise level computed with offset gain patterns in a 45 !° theta cone is reported in Figures 12 and 13  at 1.71, 1.92, 2 .17, and 2.20 GHz. The noise level has been calculated in the azimuth and in the elevation planes for the copolar component. The values of the peak gain are reported in Table 3 . The equivalent error level as a function of theta at 1.71 GHz is shown for the copolar components in the azimuth and elevation planes for all facilities in Figures 14 and 15 .
CONCLUSIONS
We presented the status of facility comparison activities during the last ten years supported by EurAAP. Due to the nature of such campaigns, the duration is often measured in years and constitutes serious time commitments and financial investments by the participants and campaign leader. A campaign cannot be successful unless the participants have full confidence in the organization of the campaign.
To be successful, the campaign must have well-defined and documented procedures for all of its aspects. It is, therefore, highly important that the purpose of the campaign is communicated. In particular, the participation agreement containing the terms and the conditions of the participation must be signed. For more delicate reference antennas, a packaging and handling instruction document is used. However, an important lesson learned is that the campaign cannot fully rely on only written documentation, so the leader must also act as a personal contact support.
The campaigns have shown that comparative measurements based on high-accuracy reference antennas and involving different antenna measurement systems are important instruments in the evaluation, benchmarking, and calibration of measurement facilities. EurAAP will continue working on these campaigns. The large amount of measurement information collected in the framework of these campaigns is a valuable database that could be made available to the antenna measurement community and exploited for further studies and analysis.
